Background: NLRP3 inflammasome activation is involved in albuminuria-induced renal injury. Results: The inhibition of megalin/cubilin or lysosomal cathepsin B reduced albuminuria-induced NLRP3 inflammasome activation. Conclusion: Megalin/cubilin and lysosome rupture is involved in albumin-triggered tubular injury and TI. Significance: This study provides novel insights into albuminuria-induced TI and implicates the active control of albuminuria as a critical strategy to halt the progression of CKD.
Proteinuria is a common feature of chronic kidney diseases that is a result of renal injury and a causative or aggravating factor for progressive renal damage (1) . Accumulating evidence suggests that proteinuria is an important driver for the development of TI 2 and fibrosis (2) . This occurs through multiple intracellular signaling pathways, including the induction of tubular chemokine expression, tubular epithelial cells (TECs) atrophy/apoptosis triggered by endoplasmic reticulum stress, oxidative stress, inflammatory cell infiltration in the interstitium, and sustained fibrogenesis (2) (3) (4) . However, the major mechanisms behind proteinuria-induced pathological changes are largely unclear.
NLRP3 (NACHT, LRR, and PYD domain-containing protein 3) inflammasome, is a cytoplasmic macromolecular complex that orchestrates early inflammatory responses of the innate immune system by mediating IL-1␤ and IL-18 production (5) . NLRP3 senses a large variety of stimuli, ranging from bacterial toxins, extracellular ATP (6) , and extracellular matrix components to crystalline structures, such as monosodium urate, silica, and alum (7, 8) . Emerging evidence indicates that NLRP3 and inflammasomes are associated with the progression of kidney diseases (9 -11) . We recently demonstrated that proteinuria causes inflammasome activation in the proximal tubules (12) . This study found that TECs expressed significant levels of NLRP3 and the maturation of IL-1␤ and IL-8 in a time-and dose-dependent manner that contributed to tubular injury and interstitial inflammation (12) . These observations suggest a role for NLRP3 inflammasome activation in renal injury, but the molecular signaling of NLRP3 inflammasome activation in TECs is not known.
The activator of inflammasomes are a diverse group, but NLRP3 may not interact directly with its stimuli. NLRP3 may sense a set of common cellular changes that are downstream of the initial triggering events. Reactive oxygen species (13) , mitochondrial translocation (14) , potassium efflux (15) , and the cytosolic release of lysosomal cathepsins (16) were identified as possible intermediate cellular signals (17) . Several recent reports further demonstrated that the overloading of urinary proteins caused albumin accumulation in lysosomes, lysosomal membrane permeabilization and decreased lysosomal degradation in TECs (18, 19) . However, whether lysomoal dysfunction affected inflammasome activation in proteinuria-induced renal injury is the subject of intensive research.
Megalin and cubilin are TEC receptors that exist in tandem and form a complex that mediates albumin uptake by proximal tubular epithelial cells (PTECs). Megalin is a major endocytic receptor that is involved in proximal tubular uptake of glomerular-filtered proteins, including albumin, for intracellular processing and degradation. A renal-specific megalin knock-out mouse displays low molecular weight proteinuria and albuminuria (20, 21) . Cubilin, also known as the intrinsic factor cobalamin receptor, is a peripheral membrane protein (22) . A previous study demonstrated that cubilin is essential for albumin reabsorption by proximal tubule cells, and megalin drives the internalization of cubilin-albumin complexes (23) . However, the mechanisms of albumin reabsorption via megalin/cubilin receptors are largely unknown. The present study investigated whether proteinuria via megalin/cubilin receptors mediated lysosomal dysfunction directly to induce the activation of NLRP3 inflammasome in tubular cell injury and TI.
Experimental Procedures
Animal Model-Protein-overload nephropathy (12, 24) was induced via intraperitoneal injection of bovine serum albumin (BSA) in male Wistar rats 1 week after right nephrectomy (initial weight 120 to 130 g, Academy of Military Medical Science, Animal Experiment Centre). Rats were fed standard rat chow ad libitum, given free access to water, and randomly divided into two groups. Rats in the albumin-overload group (AO, n ϭ 10) rats received a daily intraperitoneal injection of BSA (5.0 g/kg/day, fatty acid-free, low endotoxin, Roche Diagnostics). Rats in the control group (n ϭ 8) received an intraperitoneal injection of an equivalent volume of saline, pH 7.4. BSA was dissolved in normal saline at a concentration of 33%, pH 7.4. BSA injections were administered for 9 weeks. Animals were anesthetized with chloral hydrate and sacrificed at the end of week 10. The Ethics Review Committees for Animal Experimentation of Southeast University approved the animal care and experimental protocols used in this study.
Urine and Blood Measurements-Body weights were measured weekly. Samples were collected every 24 h from rats housed in metabolic cages with access to drinking water only for 0, 2, 5, 7, 9, and 10 weeks. Urinary protein and albumin excretion were measured using the Coomassie Blue method (Jiancheng, Nanjing) or an ELISA kit according to the manufacturer's instructions. Urinary neutrophil gelatinase-associated lipocalin (NGAL) levels were measured using an ELISA kit (Jiancheng, Nanjing). Blood samples were collected on weeks 0, 2, 5, 7, 9, and 10 (at death) from the inner canthus or heart after sacrifice in the 10th week to assess changes in biochemical parameters (Hitachi, Tokyo, Japan).
Renal Histological Preparation-Left kidneys were collected after perfusion with 50 ml of ice-cold normal saline. A portion of coronal tissue was fixed with 10% buffered formalin and embedded in paraffin for staining with hematoxylin/eosin (H&E), periodic acid-Schiff reagent and immunohistochemistry. Another slice was snap-frozen in optimum cutting temperature compound and stored at Ϫ80°C for immunofluorescence staining of frozen sections. The remaining tissue was frozen in liquid nitrogen and stored at Ϫ80°C until analysis using Western blotting and real-time RT-PCR.
Immunohistochemistry Staining-Paraffin-embedded sections from the kidney cortex were cut at a thickness of 3 m (Cryostat 2800 Frigocut-E, Leica Instruments), and a standard protocol was employed using xylene and a graded ethanol series to deparaffinize and rehydrate the tissue. Sections were washed with PBS and treated with blocking buffer containing 50 mM NH 4 Cl, 2% BSA, and 0.05% saponin in PBS for 20 min at room temperature. The sections were incubated overnight at 4°C with a primary antibody for megalin, cubilin, CD20, CD3, or CD68 (Santa Cruz Biotechnology, Santa Cruz, CA). Sections were washed with PBS, and the secondary antibody was applied. Signals were visualized using an ABC kit (Santa Cruz Biotechnology). The sections were analyzed using an appropriate immunohistochemical processing kit (Maxim, China) according to the manufacturer's instructions. Semiquantitative analysis was conducted using the Image Pro Plus image analysis system.
Transmission Electron Microscopy-Ultrastructural changes in kidney proximal tubular epithelial cells were observed using transmission electron microscopy. Kidneys were immersed in a fixative containing 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M phosphate buffer. After fixation and dehydration with ethanol, the samples were embedded in Durcupan resin for ultra-thin sectioning and transmission electron microscopy examination in the VCU electron microscopy core facility.
Cell Culture and siRNA Treatment-A human tubular epithelial cell line (HK-2) was purchased from the China Centre for Type Culture Collection (CCTCC) and cultured in specialized tubular epithelial cell growth media (DMEM-Ham's/F-12 (GIBCO); insulin (5 g/ml); transferrin (5 g/ml); hydrocortisone (0.4 g/ml), Sigma); penicillin G/streptomycin (100 units/ml of penicillin G and 100 g/ml of streptomycin; Hyclone); and 10% fetal bovine serum (GIBCO, Uruguay)). Cells were primed using 25 g/ml of LPS (Sigma, Escherichia coli 055:B5) for 1, 3, and 6 h with or without 10 mM ATP (Sigma) treatment. The transfection regents and siRNA for NLRP3 were obtained from Invitrogen (RNAiMax reagent and Stealth RNAi TM ). The non-targeting scramble-sequence siRNA (Stealth RNAi TM ) was used as a negative control. Cultured HK-2 cells were transfected according to the manufacturer's protocol (Invitrogen).
Supernatant ELISA Detection-IL-1␤ and IL-18 contents in cell-free supernatants were measured using a Valukine TM ELISA kit (R&D Systems) according to the manufacturer's instructions.
Flow Cytometric Analyses-TUNEL staining of HK-2 cell was performed using the One Step TUNEL Apoptosis Assay Kit per the manufacturer's protocol (Beyotime, China). Cells were washed with a PBS solution and re-suspended in a cold PBS solution containing 1% FBS for FACS analysis.
Quantitative Real-time RT-PCR Analyses-Total RNA from HK-2 cells or tubular epithelial cells isolated from the kidney cortex was extracted using the RNAiso plus reagent, and cDNA was synthesized using a reverse transcription (RT) system kit (Takara, Japan) according to the manufacturer's instructions. Real-time RT-PCR was performed using an ABI PRISM 7300 Real-time PCR System (Applied Biosystems). This assay was used to determine NGAL gene expression. GAPDH served as a control for the reaction efficiency of the target genes. The results were analyzed using the comparative cycle threshold (⌬⌬C t ) method.
Western Blotting Assays-Western blot analysis using whole cell lysates and cell culture supernatants was performed as described previously (16, 25) . The cell culture supernatants (400 l) were lysed, precipitated by the addition of an equal volume of methanol, and 0.25 volumes of chloroform, vortexed, and centrifuged for 10 min at 20,000 ϫ g. The upper phase was discarded, and 500 l of methanol was added to the interphase. This mixture was centrifuged for 10 min at 20,000 ϫ g, and the protein pellet was dried at 55°C, resuspended in Laemmli buffer and boiled for 5 min at 99°C. Protein lysates from HK-2 cells and kidney cortex extracts were lysed using a total protein extraction kit (KeyGEN, China) according to the manufacturer's instructions, separated using SDS-PAGE, and transferred onto PVDF membranes (Millipore) blocked with 5% milk proteins. The membranes were incubated overnight at 4°C with the following primary antibodies: anti-NLRP3, cathepsin B, cathepsin D (Abcam), IL-18, ASC, caspase-1, MCP-1, IL-6, Megalin, and Cubilin (Santa Cruz Biotechnology), and IL-1␤ (Cell Signaling Technology). The blots were washed and incubated with secondary horseradish peroxidase-conjugated antibodies as appropriate, and the signals were detected using an ECL advanced system (GE Healthcare, UK).
Confocal Microscopy-HK-2 cells were plated on confocal dishes for 2 days and subjected to albumin stimulation. Cells were washed twice with PBST, fixed with 4% PFA in PBS for 15 min at 37°C, and washed three times with PBST. Cells were permeabilized with Triton X-100, blocked with 10% BSA in PBS, and incubated with primary antibodies (in 5% BSA) overnight at 4°C. After washing with PBST, the cells were incubated with fluorescent secondary antibodies (Invitrogen) in 5% BSA/ PBS for 60 min and rinsed with PBST. Cell nuclei were stained with DAPI (Invitrogen). For the LysoTracker uptake test, HK-2 cells were incubated with 50 nM LysoTracker Red (Invitrogen) for 30 min at 37°C before fixation, followed by washing with PBS. TUNEL staining on HK-2 cell was performed using the One Step TUNEL Apoptosis Assay Kit per the manufacturer's protocol (Beyotime, China), and cells were observed using confocal microscopy. Confocal microscopy analyses were performed using an Olympus FV 1000 Viewer. Statistical Analysis-All data are expressed as the mean Ϯ S.D., and results were analyzed using one-way analysis of variance in SPSS 20.0 statistical software. Nonparametric data were analyzed using the Mann-Whitney U test. p values less than 0.05 were considered statistically significant. Correlation analyses were performed using the Spearman rank-order correlation. p Ͻ 0.05 was considered statistically significant.
Results

Albumin Overload Induces Proteinuria and Tubular Injury-
We first evaluated urinary protein and renal function in albumin-overload rats to explore the action of albumin overload in vivo. Albumin overload caused tubular injury in rats, which led FIGURE 2. Albumin-overload triggers Nlrp3 activation and proinflammatory cytokine secretion in cultured HK-2 cells. A, Western blotting for Nlrp3, ASC, pro-caspase-1, pro-IL-1␤, and pro-IL-18 protein expression in cell lysates for different concentrations of BSA (5, 10, and 20 mg/ml) stimulation. Cleaved caspase-1 p10, IL-1␤, and IL-18 were measured from collected supernatants. LPS (25 g/ml) primed HK-2 cells for 1 h, and ATP (10 mM) stimulation was provided with or without LPS priming for 1 h. B, Nlrp3, ASC, pro-caspase-1, pro-IL-1␤, and pro-IL-18 (cell lysates) and processed caspase-1, IL-1␤, and IL-18 (supernatants) were examined using Western blotting after different time courses of treatment (6, 12, and 24 h). LPS (25 g/ml) was primed for 1, 3, and 6 h and ATP (10 mM) treatment alone or after LPS priming for an additional 1, 3, and 6 h. AЈ and BЈ, quantification of the protein expression levels. The data are presented as the mean Ϯ S.D. from three independent experiments. *, p Ͻ 0.05 versus the control group; **, p Ͻ 0.001 versus control group. All data shown in these studies are representative of at least three separate experiments.
to increased urinary protein excretion, albuminuria, and hyperproteinemia at week 10 compared with the saline control group (Table 1) . However, there were no statistically significant differences in serum creatinine, blood urea nitrogen, or serum albumin between the two groups. The tubular injury marker urinary NGAL was significantly increased in experimental rats compared with control rats (Table 1) . Morphologically, some TECs exhibited atrophy, flattening, and deletion from the basement membrane, accompanied with marked protein cast formation, tubule dilatation, and inflammatory cell infiltration in albumin-overload rats (Fig. 1A) . Immunostaining of kidney sections revealed interstitial infiltration of inflammatory cells, including T cells (CD3 positive), B cells (CD20 positive), and macrophages (CD68 positive) in albumin overload but not control animals (Fig. 1B) .
Albumin Triggers Two Signals That Activate NLRP3 Inflammasome Assembly in TECs-Our previous study demonstrated that albumin overload induces NLRP3 inflammasome activation in TECs that are involved in tubulointertial inflammation (12) . Other studies demonstrated that NLRP3 inflammasome activation requires a priming signal, like LPS via TLR, which stimulates NF-B signal to regulate pro-IL-1␤ gene expression (26) . We used LPS and ATP as classic stimuli for NLRP3 activation in HK-2 cells to ascertain whether albumin stimulation activated NLRP3 inflammasome in TECs. Our data indicated that the protein expression of inflammasome components (NLRP3, ASC, and caspase-1) and inflammasome activation markers (IL-18 and IL-1␤) in HK-2 cells were significantly enhanced under ATP stimulation with 25 g/ml of LPS priming for 6 h, but not 10 mM ATP alone (Fig. 2) . However, albumin alone triggered the same protein up-regulation without LPS or ATP assistance.
We detected IL-6, TNF-␣, and MCP-1 protein expression, as markers of NF-B signaling, using Western blotting to determine the molecular mechanism of albumin-induced NLRP3 inflammasome activation. First, increased whole kidney cytokine protein (Fig. 3 , A and AЈ) expression was noted 10 weeks post-albumin injection, which was coincident with the onset and progression to severe albuminuria. We also found that exposure of HK-2 cells to albumin enhanced IL-6 and MCP-1 secretion in a dose-and time-dependent manner, peaking at 20 mg/ml and 24 h, respectively, which is consistent with the in vivo experiments (Fig. 3, B and CЈ) . Exposure to 20 mg/ml of albumin also significantly elevated TNF-␣ levels in culture supernatants at 24 h (Fig. 3, D and E) .
Albumin Activates the NLRP3 Inflammasome and Triggers IL-18 and IL-1␤ Secretion by Interacting with Megalin/Cubilin Receptors-Megalin and cubilin are multiligand receptors that form a complex that is responsible for protein reabsorption from the proximal tubule (19) . We measured megalin and cubilin protein expression in kidney tissues of experimental animals using immunostaining and Western blotting to examine the role of these proteins in albumin-induced TI (Fig. 4, A and BЈ) . The results demonstrated that megalin and cubilin were significantly up-regulated in albumin-overload rats compared with saline controls. We evaluated the expression of these endocytic receptors in HK-2 cells over different time and dose courses of albumin exposure (Fig. 4, C and DЈ) . Consistent with our in vivo study, albumin stimulation enhanced megalin and cubilin expression in HK-2 cells, and expression peaked at 24 h using 20 mg/ml of BSA. Moreover, immunofluorescence staining confirmed that megalin and cubilin were up-regulated in HK-2 cells following 20 mg/ml of BSA treatment for 24 h (Fig. 4E) . Cubilin plays an essential role in albumin reabsorption by prox-imal tubule cells (23) , and turnover of the receptors changes during the progression of proteinuria. We investigated whether receptor turnover changed during the progression of proteinuria. Cubilin was presented increasingly on the brush border of ) . B, the protein expression of megalin and cubilin in renal lysates were examined using Western blotting. C and D, Western blotting analyses display megalin and cubilin expression in HK-2 cells at different times (6, 12, 24 , and 48 h) and different concentrations (5, 10, 20, and 40 mg/ml) of BSA treatment. BЈ-DЈ, quantification of the protein expression levels. The data are presented as the mean Ϯ S.D. from three independent experiments. *, p Ͻ 0.05 versus the saline group or control group. E, the co-localization of megalin and cubilin following 20 mg/ml of BSA stimulation for 24 h was detected using confocal microscopy (magnification ϫ400). F, cubilin (green) and Nlrp3 (red) protein expression in tubular cells at different time points (1st, 5th, and 10th week) in albumin-overload rats observed by confocal microscopy (magnification, ϫ400). All data shown in these studies are representative of at least three separate experiments. AO, albumin-overload. tubular cells, whereas NLRP3 was localized in the cytoplasm post-albumin injection from 1 to 5 weeks. It reached a new equilibrium with a relative positive location of NLRP3 at week 10 ( Fig. 4F) .
We transfected megalin and/or cubilin siRNA into HK-2 cells to determine whether megalin/cubilin receptors mediated the albumin-induced activation of the NLRP3 inflammasome. siRNA transfection reduced the expressions of megalin and cubilin by 68.7 and 70.9%, respectively (Fig. 5, A and B) . Expression of NLRP3 and cleaved caspase-1, IL-18, and IL-1␤ in HK-2 cells were markedly inhibited by depletion of megalin and cubilin (Fig. 5, C and CЈ) . These observations indicate that the endocytic receptor complex of megalin and cubilin mediates albumin-induced NLRP3 inflammasome activation.
Albumin Induced TECs Lesions and Cell Death with Lysosomal Disruption-It is generally accepted that filtered albumin binds to megalin/cubilin receptors of proximal tubular cells, and albumin is transferred to lysosomes by lysosomal proteases for degradation (27) . We first investigated the ultrastructure alterations of tubular cells in vivo to address the subsequent impact of incoming albumin. The number of lysosomes was significantly elevated in renal proximal TECs of albumin-overload rats compared with the saline group. Lysosomes were also enlarged in these rats compared with controls ( Fig. 6A) .
Enzymatic activity is closely related to the acid milieu of lysosomes (28) . Therefore, we next investigated whether albumin attenuated the acidification of lysosomes in renal TECs. We used a specific fluorescent probe, LysoTracker Red, to label acidic intracellular compartments (lysosomes) in HK-2 cells. Punctuated red fluorescence (lysosomes) was clearly revealed under control conditions. However, exposure to albumin abolished LysoTracker Red labeling (Fig.  6B) . Moreover, NGAL mRNA levels increased in HK-2 cells with albumin stimulation (Fig. 6C ). HK-2 cells also displayed a general increase in cell death as determined by terminal deoxynucleotidyl transferase-mediated digoxigenin-deoxyuridine nick-end labeling (TUNEL) staining at 24 h of exposure to 40 mg/ml of albumin (Fig. 6, D and E) . Notably, the cathepsin (Cath) B inhibitor Ca-074Me demonstrated a potential role to block cell injury caused by albumin stimulation ( Fig. 6, C-E) .
Lysosome Destabilization and Cathepsin B Are Essential in Albumin-induced NLRP3 Activation-We examined total lysosomal Cath B and D contents using Western blotting to elucidate whether albumin-induced lysosome destabilization results in the release of cathepsin B, which is a lysosomal hydrolase that induces NLRP3 inflammasome in albumin-treated cells. We found that the amount of Cath B increased significantly, but Cath D levels were slightly elevated following albumin treatment compared with controls (Fig. 7, A and AЈ) . We further examined the levels of NLRP3 inflammasome components (NLRP3, ASC, and caspase-1) and downstream cytokines (IL-1␤ and IL-18) and detected an initial significant increase in response to albumin in HK-2 cells. Ca-074Me repressed the expression of these proteins, except pro-cytokines. However, the Cath D inhibitor pepstatin A did not exhibit the same inhibitory effect. Similarly, we observed a diffuse immunostaining pattern of Cath B and only a partial association with NLRP3 in control cells. Albumin treatment significantly altered the relative positions or locations of these proteins (Fig. 7B) . Albumin treatment did not alter Cath D distribution or enhance colocalization with NLRP3. Furthermore, Ca-074Me, but not pepstatin A, was as an inhibitor of NLRP3 expression. As stated above, albumin treatment reduced lysosomal acidification and Lyso-Tracker Red labeling, and it had an opposite association with the amount of NLRP3 expression in HK-2 cells exposed to albumin (Fig. 6B ).
Discussion
It is well accepted that proteinuria is a leading cause of tubulointerstitial lesions and subsequent renal function deterioration (1, 29) . However, the potential mechanisms of the deleterious effect of proteinuria have not been definitively established. The present study investigated the effect of excess albumin on renal tubules with respect to TEC injury and megalin/cubilin lysosomemediated NLRP3 inflammasome activation.
NLRP3 and the inflammasome are linked to many human diseases, including gout, autoimmune disease, diabetes, and inflammatory bowel disease (30) . Emerging evidence suggests an important role for the NLRP3 inflammasome in the pathogenesis of acute and chronic inflammation and tissue remodeling in the kidney (31) . Notably, up-regulation of the NLRP3 inflammasome was demonstrated in both classical immune cells, such as resident dendritic cells and infiltrating macrophages, and podocytes and tubule epithelial cells in a wide range of glomerular and tubulointerstitial diseases (10) . Previously, we demonstrated that proteinuria caused NLRP3 inflammasome activation in the proximal tubules in an albumin-overload model (12) . This result is consistent with a report from another group that ER stress induced by albumin involved the activation of inflammasomes (32) . Our data in murine and human tubular cells in an albumin-overload model further suggest that megalin/cubilin endocytic receptors and lysosomal rupture are essential for albumin-triggered NLRP3 activation.
The main function of the NLRP3 inflammasome is to cleave and activate certain critical proinflammatory cytokines, particularly IL-1␤ and IL-18. However, the inflammasome-dependent generation of cleaved cytokines requires a priming step that generates procytokines by the activation of the transcription factor NF-B (33) . Previous studies suggest that the upregulation of the chemokines MCP-1, IL-6, IL-8, and TNF-␣ in proximal tubular cells are involved in the transcriptional activation of NF-B (9, 34 -36) . This evidence supports our finding that albumin induced IL-6 and TNF-␣ up-regulation, which are involved in the NF-B priming signal activation. Briefly, albumin directly triggers NLRP3 inflammasome activation and inflammasome-dependent IL-1␤ and IL-18 secretion without requiring the preactivation of other activators in the priming process.
Lipopolysaccharide (LPS) and ATP are potent inducers of inflammation and known NLRP3 inflammasome activators in macrophage (37) . This study proposed to use these agents as positive controls for inflammasome activation. However, neither LPS alone nor LPS in conjunction with the NLRP3 inflammasome activator ATP overtly enhanced NLRP3 inflammasome levels as expected. These findings exemplify the distinction between inflammatory cells and resident renal cells (38) .
A variety of stimuli activate NLRP3 inflammasomes, but none of these stimuli bind to NLRP3 inflammasomes as direct agonists (7, 39) . Renal handling of plasma proteins, of which albumin constitutes the majority, are reabsorbed by megalin/ cubilin-mediated endocytosis in tubular proximal epithelial cells (40) . Caruso-Neves et al. (41) showed that LLC-PK1 cells incubated with high concentrations of BSA exhibited a significant reduction in megalin mRNA and protein levels, but peroxisome proliferator-activated receptor ␣ and peroxisome proliferator-activated receptor ␥ agonists increased mRNA and/or protein levels of megalin (42) . In contrast, a recent investigation indicated that megalin/cubilin receptor expression exhibited no significant difference in normal mice following a short-term albumin-overload or a model of focal segmental glomerulosis (FSGS) (43, 44) . Notably, megalin and cubilin receptors were significantly elevated in kidney cortex in our 10-week albuminoverload rat model with mild TIF but without tubulointerstitial fibrosis. Our in vitro study similarly found that megalin and cubilin were slightly up-regulated in 20 mg/ml of BSA-exposed HK-2 cells at 24 h compared with control cells. These data implicate megalin and cubilin as the crucial receptors for the promotion of albumin reabsorption in proximal tubular epithelial cells with mild/moderate and early stages of albuminuria. However, our findings showed that increased BSA concentrations up to 40 mg/ml or prolonged incubation times (48 h) led to a decline of megalin and cubilin expression in HK-2 cells, which was associated with albumin-induced apoptosis. These results are consistent with a previous study (41) . Moreover, interference of megalin and cubilin expression affected NLRP3 inflammasome activation in albumin-overloaded HK-2 cells. Therefore, these could account for the megalin/cubilin endo- cytic receptor-mediated excessive albumin reabsorption that induced NLRP3 inflammasome activation in proximal tubular cells.
Filtered albumins via megalin/cubilin receptor-mediated internalization are degraded by lysosomal proteases, and this process also requires endosomal acidification to dissociate proteins from the receptors (45) . Lysosome destabilization results in the release of Cath B, which is a lysosomal hydrolase that induces NLRP3 inflammasomes in several immune cells (46) . The results of the present study revealed that Cath B accumulated in parallel with increased lysosome numbers and in volume in vivo and in vitro following albumin overload. These data indicate that lysosomal rupture occurred following albumin exposure. Notably, a previous study reported that an increased protein content accumulated per tubule in a proteinuric environment, which subsequently amplified proteolytic activity (44) . In addition, lysosomal proteases, such as Cath B, prefer a low pH for proteolysis. However, we found that Cath B levels increased, but the acidification of lysosomes was suppressed by albumin load, which suggests that albumin induced protease inactivation. Notably, an association between Cath B (not Cath D)/lysosomal rupture and inflammasome activation by albumin treatment was observed in our study, and this activation was inhibited by the Cath B inhibitor Ca-074Me. These results suggest that Cath B/lysosome mediates albumin-induced NLRP3 inflammasome activation. We recently reported that mitochondrial dysfunction and mitochondrial reactive oxygen species are also involved in albumin-induced inflammasomes, but whether lysosomal dysfunction is related with oxidative stress is not known. Another recent study suggested that oxidative stress was involved in the lysosomal dysfunction induced by urinary proteins (18) .
In summary, this study demonstrated that albumin excess resulted in TEC injury, accompanied by Cath B accumulation, decreased lysosomal acidification, and a reduction of Cath B activity. We further demonstrated that megalin/cubilin-mediated albumin retention and lysosomal rupture are involved in albumin-induced tubulointerstitial inflammation and injury. Our findings provide a novel insight for renal inflammation and fibrosis induced by proteinuria, which might induce new thinking for the treatment of proteinuric nephropathy.
